Introduction
============

Targeted delivery systems are promising tools for the specific delivery of therapeutic cargos into tissues of interest, with the objective of improving therapeutic outcomes while minimizing adverse effects on nontargeted tissues. Examples of targeting strategies include 1) passive targeting, in which delivery systems accumulate at the target site through the blood circulation;[@b1-ijn-13-8395],[@b2-ijn-13-8395] 2) active targeting, in which delivery systems are directed to specific sites through targeting moieties attached to their surface (eg, ligands or antibodies);[@b3-ijn-13-8395],[@b4-ijn-13-8395] and 3) physical targeting, in which delivery systems are targeted at certain environments with special physical characteristics such as pH,[@b5-ijn-13-8395] temperature,[@b6-ijn-13-8395] or ionic property.[@b7-ijn-13-8395],[@b8-ijn-13-8395] The objective of the present study was to investigate the physical targeting of a delivery system, based on the ionic charge and electrostatic interactions of the particle with cellular membranes.

Gene therapy using short interfering RNA (siRNA), a short sequence of nucleotides that can silence genes of interest,[@b9-ijn-13-8395],[@b10-ijn-13-8395] can be applied to the treatment of a wide variety of diseases related to genetic disturbances, such as cancer. However, the physical properties of siRNAs hinder their entry into cells: high molecular weight (\~13,000 Da), hydrophilic nature, and highly anionic charge. Moreover, siRNAs are not stable in an in vivo environment. Therefore, an effective and safe siRNA drug delivery system is required.

Lipid nanoparticles (LNPs) have proved to be efficient systems for delivering siRNA into body tissues.[@b11-ijn-13-8395]--[@b15-ijn-13-8395] We assumed that by modifying the acid dissociation constant (*pKa*) value of the LNP membrane, which reflects its ionization status, it might electrostatically interact with specific tissue membranes. Instead of changing the chemical structure of the lipids to manipulate the *pKa* value of the LNP membrane, a method that is time-consuming and labor-intensive and results in limited *pKa* adjustments, we mixed lipids having different *pKa* values at different molar ratios in the LNP formulation, a method which minimized time and effort and allowed us to precisely adjust the final *pKa* for achieving ionic-based tissue targeting.

Liver sinusoidal endothelial cells (LSECs) are an example of a tissue that would be a suitable model for our study and could be targeted based on the ionic charge of their surface. LSECs, which are the physical barrier that separate liver tissues from the blood flow,[@b16-ijn-13-8395],[@b17-ijn-13-8395] have significant roles under normal conditions, including providing a selective and permeable barrier, facilitating the transport of metabolites and waste clearance,[@b18-ijn-13-8395]--[@b20-ijn-13-8395] regulating hepatic blood flow, maintaining a low portal pressure,[@b21-ijn-13-8395] and keeping hepatic stellate cells in their inactivated state to prevent fibrosis.[@b22-ijn-13-8395] However, the absence of any special characteristics and the phenotype of LSECs, due to capillarization (loss of fenestration and development of basement membrane),[@b23-ijn-13-8395] angiogenesis,[@b24-ijn-13-8395] or altered gene expression,[@b25-ijn-13-8395]--[@b27-ijn-13-8395] results in the initiation and progression of various liver diseases, such as inflammation, fibrosis, cirrhosis, portal hypertension, and cancer metastasis.[@b24-ijn-13-8395],[@b27-ijn-13-8395]--[@b31-ijn-13-8395] Therefore, LSECs are possible drug targets for preventing or treating related liver disorders, especially those associated with genetic disturbances. Based on our previous observations, LSECs take up LNPs with higher *pKa* values, in the *pKa* range tested (5.70--7.25).[@b32-ijn-13-8395] However, higher *pKa* values were not examined and the optimum *pKa* value for targeting LSECs is not currently known.

We previously developed an LNP composed of different types of pH-sensitive cationic lipids, namely YSK lipids (referred to as YSK-LNP), to deliver siRNA in vitro and in vivo, particularly in hepatocytes.[@b33-ijn-13-8395],[@b34-ijn-13-8395] In our previous study, slightly cationic LNP formulations that were composed of lipids with high *pKa* values, such as YSK13-C4 (*pKa* 6.80) and YSK15-C4 (*pKa* 7.10), were found to be highly local-ized in LSECs as opposed to hepatocytes.[@b32-ijn-13-8395] Nevertheless, they showed a weak gene silencing activity in LSECs, possibly due to their inactivation by endothelial lipase (EL).[@b32-ijn-13-8395] This prompted us to investigate the feasibility of targeting LSECs using lipase-resistant LNPs in which the membrane had optimized *pKa* values.

As mentioned above, instead of synthesizing new lipids with new chemical structures and *pKa* values, we prepared mixtures of lipids with different *pKa* values in one LNP formulation at various molar ratios to manipulate the final *pKa* of the membrane for LSECs targeting. The lipids used were YSK05 and YSK12-C4 (*pKa* 6.50 and 8.00, respectively). Both lipids are lipase-resistant and have a strong endosomal escape and gene silencing activity.[@b33-ijn-13-8395],[@b35-ijn-13-8395],[@b36-ijn-13-8395] Mixing these lipids into one LNP formulation (referred to as a YSK05/12-LNP) enabled us to prepare a wide variety of formulations in which the membranes had different final *pKa* values that were not merely dependent on the quantity of each lipid in the mixture, but also on the individual contribution of each lipid to the final *pKa* value (35% vs 65% by YSK05 and YSK12-C4, respectively). As proof of our concept, we successfully targeted and delivered siRNA to LSECs using one of the YSK05/12-LNP formulations which had an optimum *pKa* value (7.15) and ionization property (\~36% cationic charge) for use in uptake by LSECs.

Material and methods
====================

Materials and reagents
----------------------

YSK05 (1-methyl-4,4-bis(((9Z,12Z)-octadeca-9,12-dien- 1-yl)oxy)piperidine) and YSK12-C4 (6Z,9Z,28Z,31Z)--19-(4-(dimethyl-amino)butyl)heptatriaconta-6,9,28,31 tetraen-19-ol) lipids were synthesized in our laboratory as described previously.[@b33-ijn-13-8395],[@b36-ijn-13-8395] Cholesterol (Chol) was purchased from Sigma-Aldrich (St Louis, MO, USA). 1,2-Dimirystoyl-*sn-*3-glycero methoxypolyethyleneglycol 2000 ether (~m~PEG~2k-~DMG) was purchased from the NOF Corporation (Tokyo, Japan). RiboGreen, DiI, and DiD were purchased from Molecular Probes (Eugene, OR, USA). The TRIzol reagent was purchased from Invitrogen (Carlsbad, CA, USA). The 6-(*p*-Toluidino)-2-naphthalenesulfonic acid (TNS) was purchased from Wako Pure Chemical Industries Ltd (Osaka, Japan). The sequences for the sense and antisense strands of siRNAs used in this study are listed in [Table S1](#SD3-ijn-13-8395){ref-type="supplementary-material"}. All the siRNAs used in this study were obtained from Hokkaido System Science (Sapporo, Japan). The sequences for the forward and reverse primers used in this study are listed in [Table S2](#SD4-ijn-13-8395){ref-type="supplementary-material"}. All primers were obtained from SIGMA Genosys Japan (Ishikari, Japan).

Animals
-------

ICR (♀, 4 weeks, 16--22 g) mice were obtained from Japan SLC (Shizuoka, Japan). All animal experimental protocols were reviewed and approved by the Hokkaido University Animal Care Committee in accordance with the guidelines for the care and use of laboratory animals.

Preparation of LNPs
-------------------

The LNPs were prepared by a tertiary butanol (*t*-BuOH) dilution procedure, as previously reported.[@b33-ijn-13-8395],[@b37-ijn-13-8395],[@b38-ijn-13-8395] The lipids, which include 1050 nmol of YSK lipids (YSK05 or YSK12-C4 or a mixture of both), 450 nmol of cholesterol, and 30 nmol of mPEG~2k~-DMG -- which represent a molar ratio of 70:30:2, respectively -- were first dissolved in 400 µL of 90% (v/v) *t*-BuOH. When a fluorescent material (DiI or DiD) was incorporated into the LNPs, it was added at a concentration of 0.5--1 mol% or 0.15 mol% (of the total lipid) to the lipid solution. A 200 µL portion of an aqueous solution containing 40 µg siRNA was then added gradually to the lipid solution under vigorous mixing, producing an siRNA/lipid ratio of 0.042 (wt/wt). The siRNA--lipid solution was then gradually added to 2 mL of 20 mM citrate buffer (pH 4.0) under vigorous mixing to facilitate the precipitation and formation of the LNPs. This yields a final *t*-BuOH concentration of 60% (v/v). Finally, ultrafiltration using Amicon ultracentrifugal tubes (Merck Millipore Ltd, Darmstadt, Germany) was performed to remove the *t*-BuOH, replace the external buffer with PBS (−) (pH 7.40), and concentrate the LNPs. Centrifugation was performed at 1,000×*g* for 11--18 minutes at RT.

Characterization of LNPs
------------------------

The average diameter and ζ-potential of LNPs were measured by dynamic light scattering (DLS) using Zetasizer Nano ZS ZEN3600 instrument (Malvern Instruments, Worcestershire, UK). The siRNA encapsulation efficiency, concentration, and recovery ratio were measured using the RiboGreen assay as previously described;[@b33-ijn-13-8395] by which LNPs were diluted in 10 mM HEPES buffer at pH 7.40 containing 20 µg/mL dextran sulfate and RiboGreen in the presence or absence of 0.1 w/v% Triton X-100. Fluorescence was measured using an Enspire 2300 multilabel reader (Perkin Elmer, Waltham, MA, USA) setup with λ~ex~=500 nm, λ~em~=525 nm. The siRNA concentration was calculated from the siRNA standard curve. The siRNA encapsulation effi-ciency was calculated by comparing siRNA concentration in the presence and absence of Triton X-100. The morphology of the LNPs was observed by transmission electron microscopy (TEM), in which a drop of an aqueous solution containing LNPs was adsorbed to carbon-coated copper grids (400 mesh) and the samples were stained with a 2% phosphotungstic acid solution (pH 7.0) for 20 seconds. The sample was observed by TEM (JEM-1400Plus, JEOL Ltd., Tokyo, Japan) at an acceleration voltage of 100 kV. Digital images (3,296×2,472 pixels) were taken with a CCD camera (EM-14830RUBY2, JEOL Ltd.).

Measurement of the *pKa* value of the LNP membrane
--------------------------------------------------

The *pKa* value of the LNP membrane was measured by a TNS assay, as described previously.[@b32-ijn-13-8395],[@b33-ijn-13-8395] First, 0.5 mM of LNP's lipid and 0.6 mM of TNS (a negatively charged fluorescent dye) were mixed in 200 µL of the following buffers (each buffer contained 150 mM NaCl) 20 mM citrate buffer (pH 3.50--5.50), 20 mM sodium phosphate buffer (pH 6.00--8.00), or 20 mM Tris-HCl buffer (pH 8.00--9.00) in a 96-well plate, to yield a final concentration of 30 and 6 µM of LNP's lipid and TNS in each well, respectively. Fluorescence was then measured using an Enspire 2300 multilabel reader (Perkin Elmer) setup with λ~ex~=321 nm, λ~em~=447 nm at 37°C. The *pKa* was determined to be the pH value with 50% of maximal fluorescent intensity.

Observation and quantification of biodistribution
-------------------------------------------------

Mice, regardless of their body weight to minimize variation, were injected with 200 µL of LNPs encapsulating 10 µg siRNA (assuming a mouse body weight of 20 g, the injected dose would be 0.5 mg of siRNA/kg). In the LNPs, either the lipid was labeled with DiD or the siRNA was labeled with AF647. At 30 minutes after the injection, the mice were sacrificed and their body organs (liver, lung, kidneys, and spleen) were collected and the fluorescence of either the lipids or siRNA was observed using FluorVivo 300 small animal fluorescence imaging (INDEC BioSystems, Santa Clara, CA, USA). For quantifying the fluorescence intensity in each organ, the ImageJ software was used as follows: after selecting the region of interest (ROI) in each image, its corrected fluorescence was measured using the following formula: $$\begin{array}{l}
\text{Corrected~fluorescence} \\
{= \text{Integrated~density} - \left( \text{Area~of~ROI×Meaan~gray~value~of~background~reading} \right)} \\
\end{array}$$

The corrected fluorescence of the treated samples was then normalized to the corrected fluorescence of PBS (-)-treated samples and then divided by the area of the ROI.

Observation of intrahepatic distribution
----------------------------------------

Mice were intravenously injected with DiI-labeled LNP encapsulating a mixture of siRNA (siGL4:siCy5-green fluorescent protein \[GFP\] 1:1 ratio) at a dose of 0.5 mg/kg of both siRNAs. After 1 hour, the mice were sacrificed, and their liver tissues (0.5--1 cm^2^) were collected and immersed in staining solution (Dulbecco's phosphate-buffered saline \[D-PBS (-)\]) containing 20 µg/mL FITC-labeled Isolectin B4 (Vector Laboratories, Burlingame, CA, USA) for staining blood vessels and 1 µg/mL Hoechst33342 (Dojindo, Kumamoto, Japan) for staining nuclei. Intrahepatic distribution of the LNPs was observed using confocal laser scanning microscopy (CLSM; Nikon A1, Nikon, Tokyo, Japan).

Evaluation of gene silencing
----------------------------

Mice were intravenously injected with the LNPs with a mixture of siRNA (siCD31:siFVII 1:1 ratio) encapsulated at a dose of 0.1 mg/kg of each type of siRNA. After 24 hours, the mice were sacrificed, and their body tissues were collected to evaluate the silencing of CD31 in the endothelium of various organs at the mRNA level as described in this section, and blood was collected to evaluate the silencing of plasma coagulation factor VII (FVII) at the protein level, as described below. To evaluate the silencing of CD31, \~30 mg samples of liver, lung, and spleen tissues were each homogenized using a Precellys 24 (Bertin technologies, Aix-en-Provence, France) in 500 µL of TRIzol reagent, and the RNA was then extracted according to the manufacturer's protocol. The RNA was then converted to complementary DNA (cDNA) using a high-capacity RNA-to-cDNA kit (Applied Biosystems, Foster city, CA, USA) according to the manufacturer's protocol. Finally, a quantitative real-time polymerase chain reaction (qRT-PCR) analysis was performed on cDNA to evaluate gene expression using Fast SYBR Green Master Mix (Applied Biosystems) and Lightcycler 480 system II (Roche, Basel, Switzerland).

Measurement of plasma coagulation factor VII activity
-----------------------------------------------------

At 24 hours after the mice had been injected with the LNPs encapsulating a mixture of siRNA (siCD31:siFVII 1:1 ratio) at a dose of 0.1 mg/kg of each type of siRNA as described in the previous section, blood was collected from their veins in the presence of heparin. The blood was then centrifuged at these conditions: 800×*g*, 5 minutes, 4°C. Plasma, the clear supernatant of the centrifuged blood, was removed and FVII protein expression was evaluated using a Biophen FVII kit (Hyphen Biomed, Neuville-Sur-Oise, France) according to the manufacturer's protocol.

Evaluation of LNP-associated toxicity
-------------------------------------

The LNP-associated toxicity was evaluated by measuring liver enzyme levels (aspartate transaminase \[AST\] and alanine transaminase \[ALT\]) using a GOT·GPT CII kit (Wako Pure Chemical Industries Ltd) according to the manufacturer's protocol. Furthermore, inflammatory cytokine gene expressions (interleukin-6 \[IL-6\] and tumor necrosis factor-alpha \[TNF-α\]) were quantified by performing qRT-PCR analysis on cDNA prepared from liver tissues using the same method described in Evaluation of gene silencing section in this article.

Statistical analysis
--------------------

The results are expressed as the mean±SD of independent repeats. Statistical comparisons between groups were evaluated by nonrepeated measures ANOVA followed by SNK test.

Results
=======

Physical characteristics of LNPs
--------------------------------

Various LNPs (referred to as YSK05/12-LNPs) were prepared using the *t*-BuOH dilution procedure by mixing two different lipids YSK05 and YSK12-C4 (*pKa* 6.50 and 8.00, respectively) as follows: YSK05/YSK12-C4/cholesterol/mPEG~2k~-DMG=(70--*X*):*X*:30:2 mol% of total lipids (*X*=0--70; [Figure 1](#f1-ijn-13-8395){ref-type="fig"}). Typically, the LNPs have diameters in the range of 70--100 nm with a homogenous size distribution (polydispersity index \[PDI\] \<0.2), and the encapsulation of siRNA exceeds 90%. The ζ-potential at pH 7.40 varied from neutral to cationic, depending on the type of YSK lipid used and the amount in the LNP. An example of measuring the LNP's particle size and ζ-potential by DLS and observing its morphology by TEM is shown in [Figure 2](#f2-ijn-13-8395){ref-type="fig"}. Further characterization data for the LNPs with various lipid compositions are shown in [Table S3](#SD5-ijn-13-8395){ref-type="supplementary-material"}.

Manipulating the *pKa* value of the LNP membrane through mixing lipids
----------------------------------------------------------------------

The *pKa* values for the YSK05/12-LNP membranes were determined using a TNS assay. TNS is a compound that electrostatically interacts with the cationic lipid membrane, resulting in fluorescence,[@b39-ijn-13-8395],[@b40-ijn-13-8395] and the *pKa* of the LNP was determined to be the pH value with 50% maximal fluorescent intensity. This method was found to be a better alternative for ζ-potential measurement to predict the real charge state of the LNP surface in the in vivo environment. As shown in [Figure 3](#f3-ijn-13-8395){ref-type="fig"}, mixing YSK05 and YSK12-C4 (*pKa* 6.50 and 8.00, respectively) at different molar ratios resulted in LNPs in which the membrane had different final *pKa* values, ranging between 6.50 and 8.00.

The *pKa* value of the LNP membrane was not merely dependent on the quantity of lipid used
------------------------------------------------------------------------------------------

The relationship between lipid quantity or the molar ratio of each of the lipid components and the final *pKa* value for the membrane was expected to be linear, as represented in [Figure 4A](#f4-ijn-13-8395){ref-type="fig"}, dotted line. In other words, the *pKa* value or the LNP membrane was expected to be an average of the *pKa* values of its lipid components, depending on their quantity, which can be calculated using [Equation 1](#fd2-ijn-13-8395){ref-type="disp-formula"} considering two factors: the *pKa* value of each lipid and its molar ratio in the LNP. $$pKa_{1 + 2} = \frac{\left( {\left( {pKa_{1} \times X} \right) + \left( {pKa_{2} \times \left( {1 - X} \right)} \right)} \right)}{\left( {X + \left( {1 - X} \right)} \right)}$$where *pKa*~1~ is the *pKa* of first lipid (eg, YSK12-C4), *pKa*~2~ is the *pKa* of second lipid (eg, YSK05), *pKa*~1+2~ is the *pKa* of the LNP (eg, YSK05/12-LNP), *X* is the molar ratio of one lipid (eg, YSK12-C4).

However, the experimental results indicated that this was not the case, in that, the relationship between the molar ratio of each of the LNP's lipid components and the final *pKa* value for the membrane exhibited a nonlinear relationship, in which YSK12-C4 (*pKa* 8.00) had a higher contribution to the final *pKa* value than YSK05 (*pKa* 6.50) ([Figure 4A](#f4-ijn-13-8395){ref-type="fig"}, line with squares). Therefore, the equation was modified to [Equation 2](#fd3-ijn-13-8395){ref-type="disp-formula"} by adding a third factor, the *Y* factor (contribution factor), which represents the contribution of each lipid in the *pKa* value for the LNP membrane. $$pKa_{1 + 2} = \frac{\left( {\left( {pKa_{1} \times X \times Y} \right) + \left( {pKa_{2} \times \left( {1 - X} \right) \times \left( {1 - Y} \right)} \right)} \right)}{\left( {\left( {X \times Y} \right) + \left( {\left( {1 - X} \right) \times \left( {1 - Y} \right)} \right)} \right)}$$where *pKa*~1~ is the *pKa* of first lipid (eg, YSK12-C4), *pKa*~2~ is the *pKa* of second lipid (eg, YSK05), *pKa*~1+2~ is the *pKa* of the LNP (eg, YSK05/12-LNP), *X* is the molar ratio of one lipid (eg, YSK12-C4), and *Y* is the contribution of one lipid (eg, YSK12-C4).

If the relationship between the molar ratio of each of the LNP's lipid components and its final membrane's *pKa* value was linear, then the *Y* value of each lipid should be equal to 0.50, which represents a 50% contribution of each lipid to the final *pKa* value for the LNP membrane. However, because the experimentally found relationship was nonlinear, the *Y* value of both lipids is different. To determine the *Y* value (eg, of the YSK12-C4 lipid) in the experimental nonlinear relationship, various values \>0.50 but \<1.00 were examined. These values were chosen to be \>0.50 because the YSK12-C4 lipid had a higher contribution than YSK05 to the final *pKa* value for the LNP, as observed in [Figure 4A](#f4-ijn-13-8395){ref-type="fig"}, the line with squares. The chosen *Y* values were then tested in [Equation 2](#fd3-ijn-13-8395){ref-type="disp-formula"} to produce simulated relationships as shown in [Figure 4B](#f4-ijn-13-8395){ref-type="fig"}.

The *Y* value that was found to fit completely into the equation to produce a simulated relationship identical to the experimental relationship measured by the TNS assay was 0.65 ([Figure 4B](#f4-ijn-13-8395){ref-type="fig"}, gray line with open triangles). In other words, YSK12-C4 lipid (*pKa* 8.00) contributes 65% of the *pKa* value for the YSK05/12-LNP membrane, while the YSK05 lipid (*pKa* 6.50) contributes the remainder, ie, 35%.

Gene silencing activity in the liver is dependent on the *pKa* value of its membrane
------------------------------------------------------------------------------------

Mice were intravenously injected with YSK05/12-LNPs in which the membranes had different *pKa* values, as shown in [Figure 3](#f3-ijn-13-8395){ref-type="fig"}. Gene knockdown activity in hepatocytes was observed for LNPs that contained the YSK05 lipid only, with a *pKa* value of 6.50. This type of LNP induced approximately an 80% gene silencing of the FVII protein (a hepatocyte marker that has been used by us and other researchers as a reliable indicator of gene silencing activity of LNPs in the liver)[@b34-ijn-13-8395],[@b37-ijn-13-8395],[@b43-ijn-13-8395] with a 0.1 mg/kg dose of siFVII ([Figure 5A](#f5-ijn-13-8395){ref-type="fig"}). On the other hand, in LSECs, although LNPs composed of the YSK05 lipid only or the YSK12-C4 lipid produced only a weak activity, mixing these lipids in one LNP formulation optimized the *pKa* value for the membrane and improved the LNP silencing activity to an approximately 60% knockdown of CD31 mRNA (an endothelial cell marker) with a 0.1 mg/kg dose of siCD31 ([Figure 5B](#f5-ijn-13-8395){ref-type="fig"}). The YSK05/12-LNP with the composition YSK05/YSK12-C4/cholesterol/~m~PEG~2k-~DMG=50:20:30:2 mol% of total lipids resulted in the best mRNA silencing activity in LSECs, and the *pKa* value for its membrane was 7.15, thus confirming this to be optimal for specific uptake by LSECs. Furthermore, this optimized LNP had a minimal activity in other organ endothelia, such as the lung and spleen ([Figure S1](#SD1-ijn-13-8395){ref-type="supplementary-material"}).

Optimizing the *pKa* value of the LNP membrane improves its targeting efficiency
--------------------------------------------------------------------------------

The FluorVivo imaging ([Figure S2](#SD2-ijn-13-8395){ref-type="supplementary-material"}) revealed that the YSK05-LNP (*pKa* 6.50) and YSK05/12-LNP (*pKa* 7.15 and composition of YSK05/YSK12-C4/cholesterol/~m~PEG~2k-~DMG=50:20:30:2 mol% of total lipids) have a similar biodistribution pattern and they are largely distributed to liver tissues. However, we decided to compare their intrahepatic distribution by observing liver tissues that had been injected with DiI-labeled LNP encapsulating a mixture of siRNA (siGL4:siCy5-GFP 1:1 ratio) at a dose of 0.5 mg/kg of both siRNAs using CLSM. Although the injected siRNA dose was higher than that used for obtaining gene silencing (0.5 vs 0.1 mg/kg, respectively), it was selected to enable us to visualize hepatic distribution with high sensitivity and clarity. We observed the LNP containing the YSK05 lipid only (YSK05-LNP) and a *pKa* of 6.50 was extensively taken up by hepatocytes ([Figure 6](#f6-ijn-13-8395){ref-type="fig"}, upper). In the image, the YSK05-LNP (represented in red color) is extensively distributed in hepatocytes, which are the most abundant cells in the liver and are defined in the image as the nonfluorescent areas that are infiltrated with LSECs which are shown in green color. On the other hand, the YSK05/12-LNP with a *pKa* value of 7.15 was highly taken up by LSECs ([Figure 6](#f6-ijn-13-8395){ref-type="fig"}, lower). In the image, YSK05/12-LNP (represented in red) is distributed on LSECs (the green color of LSECs turned into red or orange because of LNP accumulation in this area). These results suggest that, despite the similar hepatic biodistribution of YSK05-LNP and YSK05/12-LNP, as shown in [Figure S2](#SD2-ijn-13-8395){ref-type="supplementary-material"}, their intrahepatic distribution varied depending on their *pKa* value.

It is noteworthy that no increase in the levels of liver enzymes (AST or ALT) was observed after intravenously injecting the mice with YSK05/12-LNP ([Figure 7](#f7-ijn-13-8395){ref-type="fig"}). Furthermore, inflammatory cytokine gene expression (for IL-6 and TNF-α) was quantified in the liver tissues of the same group of mice by qRT-PCR; no increase in expression was found (data not shown). These data suggest the safety and lack of toxicity of the LNPs.

Discussion
==========

The aim of this study was to improve the targeting efficiency of an LNP by optimizing the dissociation constant (*pKa*) value for its membrane, which reflects its ionization property or surface charge. This would permit electrostatic interactions with targeted tissues since both structures would have complementary charges. This could selectively enhance the uptake of LNPs by tissues of interest with minimal distribution to others, in a process that is called ionic-based physical targeting.

We previously reported on the development of our original LNPs, which can be prepared using several types of lipids that were synthesized in our laboratory, and are referred to as YSK lipids, to deliver siRNA to cells, both in vitro and in vivo.[@b32-ijn-13-8395]--[@b38-ijn-13-8395] LNPs, especially those containing lipids, namely YSK05 and YSK13-C3, showed a high cellular uptake, strong endosomal escape, and efficient siRNA delivery and silencing activity, especially in hepatocytes.[@b33-ijn-13-8395],[@b34-ijn-13-8395] We also found that the *pKa* value of the LNP membrane influences its intrahepatic distribution. For example, LNPs that contain lipids with low *pKa* values (eg, YSK05 and YSK13-C3 with *pKa* values of 6.50 and 6.45 *pKa*, respectively) are distributed in hepatocytes. Whereas, those containing lipids with higher *pKa* values (eg, YSK13-C4 and YSK15-C4 with *pKa* values of 6.80 and 7.10, respectively) are distributed in LSECs,[@b32-ijn-13-8395] which are border cells that are located between hepatocytes and the blood stream.[@b16-ijn-13-8395],[@b17-ijn-13-8395] However, due to the limited range of *pKa* values (5.70--7.25) that were tested in that previous study,[@b32-ijn-13-8395] higher *pKa* values were not evaluated and the optimal *pKa* value for an LNP for uptake by LSECs was not confirmed. Furthermore, despite the enhanced *pKa*-dependent distribution of YSK13-C4- and YSK15-C4-LNPs in LSECs, the silencing activity in those cells was relatively weak, probably due to their inactivation by EL which are distributed in LSECs and have phospholipase activity that cleaves the ester linkage present in those lipids.[@b32-ijn-13-8395],[@b41-ijn-13-8395] Inactivation by other lipases such as lipoprotein lipase or hepatic lipase can be excluded because they have triglyceride lipase activity.

We selected LSECs as a target tissue in this study for two reasons: first, the potential for LSEC targeting using LNPs containing a membrane with an optimized *pKa* value[@b32-ijn-13-8395] would confirm the feasibility of our concept regarding ionic-based physical targeting. Second, the significance of LSECs in liver pathophysiology qualifies them as a potential drug target candidate for treating various liver disorders,[@b18-ijn-13-8395]--[@b31-ijn-13-8395] especially those related to genetic disturbances that could be corrected by siRNA-based therapeutics and gene silencing. To improve the activity of YSK13-C4- and YSK15-C4-LNPs in LSECs, it was necessary to change the ester linker in those lipids to prevent their inactivation by EL. However, changing the linker type might hinder the ability of those lipids to induce efficient endosomal escape. It was reported elsewhere that the presence of an ester linker facilitates the lipid mixing mechanism with endosomal membranes, thus leading to an efficient endosomal escape of cargos even without the need to add helper fusogenic lipids.[@b42-ijn-13-8395],[@b43-ijn-13-8395] Another solution would be to preserve the ester linkages but inhibit EL activity. However, EL inhibitors such as GSK264220A might induce systemic side effects due to their interference with the physiological roles of EL in lipid metabolism.[@b44-ijn-13-8395] Therefore, it would be more efficient to develop an LNP formulation for which the *pKa* value of the membrane would be optimal for targeting LSECs using lipase-resistant lipids.

There are two possible strategies for optimizing the *pKa* of an LNP membrane for LSECs targeting. The first strategy is the synthesis of various lipids with different chemical structures and *pKa* values for use in preparing LNPs with a wide range of membrane *pKa* values and screen the uptake and activity of each in LSECs. However, this method is time- and effort-consuming, not cost-effective, and results in limited *pKa* adjustments. Therefore, we adopted a more effective strategy, which involved mixing two lipids at different molar ratios with low and high *pKa* values in several LNP formulations to permit the *pKa* value of the final LNP membrane. These lipids are YSK05 (a pH-sensitive cationic lipid with a *pKa* value of 6.50), and YSK12-C4 (a highly cationic lipid with a *pKa* value of 8.00). Their chemical structures are shown in [Figure 1](#f1-ijn-13-8395){ref-type="fig"}. These lipids were chosen because they have a strong endosomal escape, strong activity (YSK05 in hepatocytes, in vivo,[@b33-ijn-13-8395] and YSK12-C4 in dendritic cells, in vitro[@b36-ijn-13-8395]), and are resistant to the action of lipases. Several formulations (referred to as YSK05/12-LNPs) were prepared with the following composition: YSK05/YSK12-C4/cholesterol/~m~PEG~2k~-DMG=(70--*X*):*X*:30:2 mol% of total lipids (*X*=0--70; [Figure 1](#f1-ijn-13-8395){ref-type="fig"}). As shown in [Figure 2](#f2-ijn-13-8395){ref-type="fig"} and [Table S3](#SD5-ijn-13-8395){ref-type="supplementary-material"}, the YSK05/12-LNPs, which were prepared using the *t*-BuOH procedure, typically have a diameter in the range of 70--100 nm with a homogenous size distribution (PDI,0.2), and the encapsulation of siRNA exceeds 90%. The ζ-potential distribution of the LNPs at pH 7.40 was varied depending on the type of YSK lipid used and the amount in the LNP. Generally, the ζ-potential value of the LNP shifts from neutral (when only the YSK05 lipid was used) to cationic (when only the YSK12-C4 lipid was used or mixed with YSK05 lipid). The *pKa* values of the YSK05/12-LNP membrane were measured by the fluorescent intensity of TNS, a compound that fluoresces only when it interacts with cationic lipid membranes.[@b39-ijn-13-8395],[@b40-ijn-13-8395] As we reported in a previous study,[@b32-ijn-13-8395] the apparent *pKa* value of the LNP, which was determined to be the pH with 50% of the maximal fluorescence intensity of TNS, reflects the real charge state or ionization property of the LNP membrane in an in vivo environment, and is a better alternative to the ζ-potential value which could be influenced by nonencapsulated negatively charged siRNA and/or PEG-DMG molecules that are attached to the LNP surface in the buffer while the ζ-potential is being measured but are subsequently detached in the blood circulation.

It was previously reported that the pH-sensitivity of the delivery system is a key parameter for its efficiency in delivering siRNA.[@b33-ijn-13-8395],[@b45-ijn-13-8395] An efficient delivery system should be able to sense small pH changes in the environment, such as the neutral pH in the blood and the acidic pH in cellular endosomes, and to switch its charge to a cationic charge in the endosome for efficient endosomal escape. As shown in [Figure 3](#f3-ijn-13-8395){ref-type="fig"}, mixing the lipids in the LNP formulation had no effect on its pH-sensitivity, but rather it influenced the *pKa* of the membrane and permitted the preparation of LNP formulations with *pKa* values between 6.50 and 8.00 at various lipid molar ratios. As a result, lipid mixing was found to be an effective strategy for manipulating the final *pKa* value of the LNP.

Before mixing the lipids, we expected to see a linear relationship between each lipid molar ratio and the final LNP's *pKa* value ([Figure 4A](#f4-ijn-13-8395){ref-type="fig"}, dotted line), in which both lipids would contribute equally to the final *pKa*, and the final *pKa* can be calculated using a simple mathematical equation that considers two factors: the *pKa* value of each lipid and its molar ratio in the formulation ([Equation 1](#fd2-ijn-13-8395){ref-type="disp-formula"}). However, the experimental relationship, as measured by a TNS assay was unexpectedly nonlinear ([Figure 4B](#f4-ijn-13-8395){ref-type="fig"}, line with squares), in which YSK12-C4 lipid (*pKa* 8.00) had a higher impact and contribution to the final *pKa* for the LNP than YSK05 (*pKa* 6.50). Therefore, the equation was modified by adding a third factor called the *Y* factor or contribution factor ([Equation 2](#fd3-ijn-13-8395){ref-type="disp-formula"}). In the linear simulated relationship, the *Y* factor equals 0.50, meaning that each lipid contributes equally or by 50% to the final *pKa* value for the LNP. To determine the *Y* value in the experimental relationship and specifically for the YSK12-C4 lipid which had a higher contribution in the final *pKa*, we investigated a series of values \>0.50 and \<1.00 (0.50\<*Y*\<1.00), which represents the percentage of the lipid contribution (50%--100%) in the final *pKa* value. The *Y* value that was found to fit completely into the equation to produce a relationship identical to the experimental relationship was 0.65 ([Figure 4B](#f4-ijn-13-8395){ref-type="fig"}, gray line with open triangles). This indicates that YSK12-C4 contributes to the final *pKa* by 65%, while the contribution by YSK05 is 35%. The reasons for this difference remain to be investigated in a future study. It is noteworthy that we previously encountered this nonlinear relationship when we used two different lipids, namely, YSK13-C2 and YSK13-C4 (*pKa* 5.70 and 6.80, respectively) in one LNP formulation. The YSK13-C4 lipid contributed to a higher extent, by 73%, to the final *pKa* value of the LNP (the *Y* value measured using [Equation 2](#fd3-ijn-13-8395){ref-type="disp-formula"} was 0.73), while the YSK13-C2 lipid contributed the rest, ie, 27%, to the final LNP's *pKa* (\[n=2\], data not shown). We cannot, however, conclude that [Equation 1](#fd2-ijn-13-8395){ref-type="disp-formula"} or [2](#fd3-ijn-13-8395){ref-type="disp-formula"} can be applied universally. More studies will need to be carried out using different kinds of lipids with different *pKa* values to confirm that this is a universal equation that predicts the final *pKa* value of the LNP resulting from lipid mixing.

After preparing YSK05/12-LNPs in which the membranes have different *pKa* values, the in vivo knockdown activity of these LNPs was evaluated. Basically, the intrahepatic activity of YSK05/12-LNPs was compared with that of the original YSK05- or YSK12-C4-LNPs (the *pKa* values for all these preparations are shown in [Figure 3](#f3-ijn-13-8395){ref-type="fig"}). The formulation that induced the strongest knockdown activity in hepatocytes was YSK05-LNP (*pKa* 6.50), while the activities for the YSK05/12-LNPs and YSK12-C4-LNP, which have higher *pKa* values, were considerably lower ([Figure 5A](#f5-ijn-13-8395){ref-type="fig"}). A possible reason behind the hepatocyte uptake of YSK05-LNP might be related to the fact that hepatocytes preferentially take up neutral particles with lower *pKa* values through the apolipoprotein E-low density lipoprotein receptor pathway, and this coincides with previous reports.[@b32-ijn-13-8395],[@b43-ijn-13-8395] On the other hand, in LSECs, despite the weak activity of both YSK05-and YSK12-C4-LNPs, using mixtures in YSK05/12-LNP dramatically improved their activity in LSECs as the result of optimizing the *pKa* value for the LNP membrane to 7.15 ([Figure 5B](#f5-ijn-13-8395){ref-type="fig"}). A possible reason behind this is the preference of endothelial cells to take up slightly cationic particles which electrostatically interact with the slightly anionic charge of the endothelial membrane.

The YSK05/12-LNP formulation which is composed of YSK05/YSK12-C4/cholesterol/~m~PEG~2k~-DMG (50:20:30:2 mol%) and a *pKa* value of 7.15 was chosen for use in experiments to target LSECs and compared with YSK05-LNP. Although YSK05-LNP and YSK05/12-LNP have a similar biodistribution, as shown in [Figure S2](#SD2-ijn-13-8395){ref-type="supplementary-material"}, in which the lipids and siRNA of both types of LNPs were visualized by Fluo-rVivo imaging and were found to be largely distributed to liver tissues, the intrahepatic distribution of those LNPs varied and was determined by their *pKa* value. The intrahepatic distribution was shifted substantially from hepatocytes (with YSK05-LNP \[*pKa* 6.50; [Figure 6](#f6-ijn-13-8395){ref-type="fig"}, upper\]) into LSECs (with YSK05/12-LNP \[*pKa* 7.15; [Figure 6](#f6-ijn-13-8395){ref-type="fig"}, lower\]). However, we observed that traces of the YSK05/12-LNP were distributed into hepatocytes and liver resident macrophages (Kupffer cells). Furthermore, the biodistribution of YSK05/12-LNP to the lung and spleen was minimal (only a weak siRNA fluorescent intensity was detected in lungs \[[Figure S2](#SD2-ijn-13-8395){ref-type="supplementary-material"}\]) and its silencing activity in lung and spleen endothelia was weak ([Figure S1](#SD1-ijn-13-8395){ref-type="supplementary-material"}). The selectivity of the YSK05/12-LNP for the liver endothelium over the lung or spleen endothelium can be attributed to the special scavenging character of LSECs, which have a very high endocytic capacity and are responsible for the uptake of soluble or colloidal materials and nanoparticles that are not large enough to be phagocytosed by Kupffer cells.[@b16-ijn-13-8395],[@b17-ijn-13-8395],[@b20-ijn-13-8395],[@b46-ijn-13-8395],[@b47-ijn-13-8395] It is noteworthy that, despite the improved activity in LSECs, the YSK05-LNP was still stronger in hepatocytes than the YSK05/12-LNP in LSECs. This can be attributed to the difference in the type of siRNA used to target hepatocytes or LSECs (siFVII vs siCD31, respectively), which might have different gene silencing strengths. Furthermore, differences in cellular properties between hepatocytes and LSECs should also be considered. Another possible explanation is related to the low uptake of YSK05/12-LNP by Kupffer cells due to its cationic charge. However, this uptake is small compared with that of YSK12-C4-LNP (*pKa* 8.00), which could be taken up by Kupffer cells due to its highly cationic charge, and despite its strong activity in vitro,[@b36-ijn-13-8395] it lost its activity completely in vivo. Moreover, the weak activity of the YSK12-C4-LNP could be attributed to its rapid disintegration in the blood stream and the leakage of siRNA. As shown in [Figure S2](#SD2-ijn-13-8395){ref-type="supplementary-material"}, the siRNA was rapidly eliminated and detected in the kidney at 30 minutes after intravenous administration, possibly due to the high cationic charge of the LNP and its recognition by the reticuloendothelial system, while the lipids derived from LNPs were mostly distributed to lungs and, to a lower extent, the liver. This suggests that the *pKa* value of the LNP is critical in terms of its pharmacokinetics and pharmacodynamics and should be used in conjunction with a cation to maintain the LNP's integrity, stability in the blood, and distribution and uptake by targeted tissues.

The optimized YSK05/12-LNP (*pKa* 7.15) induced an mRNA knockdown of approximately 60% in the case of a 0.1 mg/kg dose of siRNA targeting the CD31 gene in LSECs. This is a remarkable improvement compared with YSK05-LNP, which induced only around 20% knockdown in LSECs with the same dose, and to the YSK12-C4-LNP which induced no activity at all with the same dose. In addition, this LNP had a stronger activity than a previously optimized LNP in our laboratory to target LSECs, in which the YSK05-LNP was modified by attaching a ligand specific for LSECs to its surface (the KLGR peptide ligand was used which was designed from the ApoB-100 sequence of an LDL molecule), and which needed a higher dose of 1 mg siRNA/kg to induce effective gene silencing.[@b48-ijn-13-8395],[@b49-ijn-13-8395]

The *pKa* value of the LNP 7.15 was determined to be a balanced value, not low or neutral in order to be taken up by hepatocytes, and not very cationic in order to be taken up by Kupffer cells. In contrast, a *pKa* value of 7.15 represents a \~36% cationic charge, which was found to be optimum for LSECs uptake ([Figure 8](#f8-ijn-13-8395){ref-type="fig"}). The YSK05/12-LNP is free of toxicity and side effects ([Figure 7](#f7-ijn-13-8395){ref-type="fig"}), which makes it a better substitute for viral vectors.[@b50-ijn-13-8395] In addition, it has potential applications for producing in vivo pharmacological effects by silencing any gene of interest in LSECs, thus permitting a variety of diseases associated with such cells to be treated. Unlike ligand-based,[@b51-ijn-13-8395]--[@b54-ijn-13-8395] or size-based LSECs targeting,[@b55-ijn-13-8395] the YSK05/12-LNP provided, for the first time, a new strategy for targeting LSECs through optimizing the *pKa* value of the carrier membrane or ionization property, which was confirmed to be an important physiochemical property that could have great applications in targeting more challenging tissues other than the liver. Further studies are needed to investigate the physiochemical properties of the *pKa*-modified LNPs in the physiological environment and their biophysical interactions with protein corona which could alter their fate and interaction with targeted cellular membranes, as discussed previously elsewhere.[@b56-ijn-13-8395]

Conclusion
==========

In the present study, specific tissue targeting was successfully achieved by optimizing the *pKa* value of the membrane of an LNP by mixing different lipids with different *pKa* values into one formulation. The lipids used in this study did not contribute equally to the process, in that a nonlinear pattern of *pKa* modification was found, in which the final *pKa* of the LNP membrane was dependent not only on the quantity of each lipid but also on the individual contribution of each lipid in the final *pKa* value. This strategy has the potential for preparing custom LNPs with endless varieties of structures and final *pKa* values, and would have potential applications in drug delivery and ionic-based tissue targeting.

Supplementary materials
=======================

###### 

In vivo silencing activity of YSK05-LNP (*pKa* 6.50) and YSK05/12-LNP (*pKa* 7.15) in the lung and spleen.

**Notes:** Mice were intravenously injected with the LNPs encapsulating a mixture of siRNA (siCD31:siFVII 1:1 ratio) at a dose of 0.1 mg/kg of each type of siRNA. After 24 hours, the level of CD31 mRNA in the lung (**A**) and spleen (**B**) was measured by means of qRT-PCR. The reference genes were TIE2 in the lung and GAPDH in the spleen. ^\*^*P*\<0.05, nonrepeated ANOVA followed by an SNK test; data represent mean±SD (n=4).

**Abbreviations:** FVII, coagulation factor VII; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; LNP, lipid nanoparticle; mRNA, messenger RNA; NS, not significant; NT, non-treated; *pKa*, acid dissociation constant; qRT-PCR, quantitative real-time polymerase chain reaction; TIE2, angiopoietin receptor.

###### 

Biodistribution of LNPs.

**Notes:** Mice were intravenously injected, regardless of their body weight, with 200 µL of LNPs encapsulating 10 µg siRNA (assuming a mouse body weight of 20 g, the injected dose will be 0.5 mg siRNA/kg). In the LNPs, either the lipids were labeled with DiD or the siRNA was labeled with AF647. At 30 minutes after injection, the mice were sacrificed and body organs (liver, lung, kidneys, and spleen) were collected and fluorescence of either the lipids or the siRNA was observed using FluorVivo 300 small animal fluorescence imaging (**A**). The biodistribution of lipids (**B**) and siRNA (**C**), respectively, was further quantified using ImageJ software. ^\*^*P*\<0.05, ^\*\*^*P*\<0.01, nonrepeated ANOVA followed by an SNK test; data represent the mean±SD (n=3).

**Abbreviations:** AF647, alexafluor 647; LNP, lipid nanoparticle; siRNA, short interfering RNA.

###### 

List of siRNA sequences used in this study

  siRNA         Sense strand (5′--3′)         Antisense strand (5′--3′)
  ------------- ----------------------------- -------------------------------
                                              
  siFVII        GGAucAucucAAGucuuACT^\*^T     GuAAGAcuuGAGAuGAuccT^\*^T
  siCD31-1      GCACAGUGAUGCUGAACAATT         UUGUUCAGCAUCACUGUGCTT
  siCD31-2      GUGCAUAGUUCAAGUGACATT         UGUCACUUGAACUAUGCACTT
  siCD31-3      GCAAGAAGCAGGAAGGACATT         UGUCCUUCCUGCUUCUUGCTT
  Cy5-siGFP     AcAuGAAGcAGcACGACuUT^\*^T     AAGUCGUGCUGCUUCAUGUT^\*^T-Cy5
  AF647-siGL4   AF647-CCGUCGUCUUCGUGAACAATT   UUGCUCACGAAUACGACGGTT
  siGL4         CCGUCGUCUUCGUGAACAATT         UUGCUCACGAAUACGACGGTT

**Notes:** 2′-OMe-modified nucleotides are depicted in lowercase letters, 2′-fluoro-modified nucleotides are shown in bold lowercase letters, and phosphorothioate linkages are denoted by asterisks. The siCD31-1, -2, and -3 were mixed together in advance.

**Abbreviations:** AF647, alexafluor 647; FVII, coagulation factor VII; GFP, green fluorescent protein; siRNA, short interfering RNA.

###### 

List of PCR primers used in this study

  Gene    Forward (5′--3′)       Reverse (5′--3′)
  ------- ---------------------- -----------------------
                                 
  GAPDH   AGCAAGGACACTGAGCAAG    TAGGCCCCTCCTGTTATTATG
  ACTB    AGAGGGAAATCGTGCGTGAC   CAATAGTGATGACCTGGCCGT
  CD31    TACAGTGGACACTACACCTG   GACTGGAGGAGAACTCTAAC
  TIE2    GACCAGACTGTAAGCTCAG    AATCCTCTATCTGTGGAGTC

**Abbreviations:** ACTB, beta-actin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PCR, polymerase chain reaction; TIE2, angiopoietin receptor.

###### 

Physical characteristics of the LNPs

  Lipid composition   *pKa*   Size (nm)   Number mean (nm)   PDI            ζ-potential (mV)   EE of siRNA (%)   
  ------------------- ------- ----------- ------------------ -------------- ------------------ ----------------- --------------
                                                                                                                 
  70                  0       6.50        84.02 ± 6.82       58.52 ± 3.49   0.13 ± 0.03        1.70 ± 4.59       94.82 ± 0.64
  50                  20      7.15        85.59 ± 8.22       55.71 ± 2.91   0.17 ± 0.08        6.12 ± 1.46       95.32 ± 1.12
  35                  35      7.50        84.89 ± 11.79      56.31 ± 7.80   0.14 ± 0.08        7.75 ± 2.83       96.18 ± 1.73
  20                  50      7.75        92.86 ± 10.27      56.55 ± 8.01   0.19 ± 0.04        8.97 ± 1.74       97.58 ± 0.96
  0                   70      8.00        92.61 ± 11.47      51.72 ± 0.99   0.22 ± 0.10        11.63 ± 1.56      97.41 ± 0.67

**Notes:** After preparing LNPs that have the composition YSK05/YSK12 C4/Cholesterol/~m~PEG~2k~-DMG=(70-*X*):*X*:30:2 mol% of total lipids (*X*=0\~70) by *t*-BuOH dilution method, the *pKa* was measured using a TNS assay; size, number mean, PDI, and ζ-potential were measured using DLS; EE of siRNA was measured using RiboGreen assay. Data represent mean±SD (n=3).

**Abbreviations:** DLS, dynamic light scattering; EE, encapsulation efficiency; LNP, lipid nanoparticle; PDI, polydispersity index; mPEG~2k~-DMG, 1,2-Dimirystoyl-*sn*-3-glycero methoxypolyethyleneglycol 2000 ether; *pKa*, acid dissociation constant; siRNA, short interfering RNA; *t*-BuOH, tertiary butanol; TNS, 6-(*p*-toluidino)-2-naphthalenesulfonic acid.
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![Composition and structure of the YSK05/12-LNPs.\
**Notes:** (**A**) The chemical structure of the lipid components in the LNPs used in this study. (**B**) A schematic illustration of LNP structure. The YSK05/12-LNP was prepared by means of *t*-BuOH dilution method by mixing the following different molar ratios of YSK05 and YSK12-C4 lipids: YSK05/YSK12-C4/Cholesterol/~m~PEG~2k~-DMG=(70--*X*):*X*:30:2 mol% of total lipids (*X*=0--70).\
**Abbreviations:** LNP, lipid nanoparticle; ~m~PEG~2k~-DMG, 1,2-Dimirystoyl-*sn*-3-glycero methoxypolyethyleneglycol 2000 ether; siRNA, short interfering RNA; *t*-BuOH, tertiary butanol.](ijn-13-8395Fig1){#f1-ijn-13-8395}

![Physical characteristics of the YSK05/12-LNP.\
**Notes:** Particle size (**A**) and ζ-potential distribution (**B**), as detected by DLS and the morphology of LNPs, as observed by TEM (**C**). The YSK05/12-LNP used for these measurements was prepared by means of the *t*-BuOH dilution method. It has the following composition: YSK05/YSK12-C4/Cholesterol/~m~PEG~2k~-DMG=50:20:30:2 mol% of total lipids and the following characteristics: size, 82.75 nm; number mean, 63.24 nm; PDI, 0.079; ζ-potential, 13.5 mV; EE of siRNA, 99.46%. Scale bars: 50 nm (**C**).\
**Abbreviations:** DLS, dynamic light scattering; EE, encapsulation efficiency; LNP, lipid nanoparticle; ~m~PEG~2k~-DMG, 1,2-Dimirystoyl-*sn*-3-glycero methoxypolyethyleneglycol 2000 ether; PDI, polydispersity index; siRNA, short interfering RNA; *t*-BuOH, tertiary butanol; TEM, transmission electron microscopy.](ijn-13-8395Fig2){#f2-ijn-13-8395}

![The YSK05/12-LNP fluorescence intensity under different pH values measured by TNS assay.\
**Notes:** The *pKa* value of the LNP membranes was determined to be the pH value with 50% of maximal fluorescence intensity. Data represent the mean (n=3).\
**Abbreviations:** LNP, lipid nanoparticle; *pKa*, acid dissociation constant; TNS, 6-(*p*-toluidino)-2-naphthalenesulfonic acid.](ijn-13-8395Fig3){#f3-ijn-13-8395}

![The relationship between lipid quantity and the *pKa* value of the LNP membrane.\
**Notes:** (**A**) The relationship between the YSK12-C4 ratio in total lipids (*X*/70) and the *pKa* value for the YSK05/12-LNP membrane, theoretically simulated or experimentally measured using [Equation 1](#fd2-ijn-13-8395){ref-type="disp-formula"} or TNS assay, respectively. (**B**) Determination of *Y* value (contribution factor) of YSK12-C4 lipid in the modified [Equation 2](#fd3-ijn-13-8395){ref-type="disp-formula"}.\
**Abbreviations:** LNP, lipid nanoparticle; TNS, 6-(*p*-toluidino)-2-naphthalenesulfonic acid; *pKa*, acid dissociation constant.](ijn-13-8395Fig4){#f4-ijn-13-8395}

![In vivo silencing activity of LNPs in hepatocytes and LSECs.\
**Notes:** Mice were intravenously injected with LNPs encapsulating a mixture of siRNA (siCD31:siFVII 1:1 ratio) at a dose of 0.1 mg/kg of each type of siRNA. After 24 hours, levels of the FVII protein in plasma (**A**) and *CD31* mRNA in liver tissues (**B**) were measured by means of an FVII assay and qRT-PCR, respectively. The reference gene in LSECs was *TIE2*. ^\*\*^*P*\<0.01, nonrepeated ANOVA followed by an SNK test; data represent the mean±SD (n=3).\
**Abbreviations:** FVII, coagulation factor VII; LNP, lipid nanoparticle; LSECs, liver sinusoidal endothelial cells; mRNA, messenger RNA; *pKa*, acid dissociation constant; qRT-PCR, quantitative real-time polymerase chain reaction; siRNA, short interfering RNA; TIE2, angiopoietin receptor.](ijn-13-8395Fig5){#f5-ijn-13-8395}

![Intrahepatic distribution of YSK05-LNP (*pKa* 6.50) and YSK05/12-LNP (*pKa* 7.15).\
**Notes:** Mice were intravenously injected with DiI-labeled LNPs encapsulating a mixture of siRNA (siGL4:siCy5-GFP 1:1 ratio) at a dose of 0.5 mg/kg of both siRNAs. After 1 hour, liver tissues were collected and the distribution of LNPs was observed by CLSM. Green color represents blood vessels/LSECs (FITC-Isolectin B4), red color represents LNP (DiI), and blue color represents siRNA (Cy5). Scale bars: 50 µm.\
**Abbreviations:** CLSM, confocal laser scanning microscopy; FITC, fluorescein isothiocyanate; GFP, green fluorescent protein; LNP, lipid nanoparticle; LSECs, liver sinusoidal endothelial cells; siRNA, short interfering RNA.](ijn-13-8395Fig6){#f6-ijn-13-8395}

![Liver enzyme levels after YSK05/12-LNP injection.\
**Notes:** Mice were intravenously injected with YSK05/12-LNP. After 24 hours, plasma was collected, and liver enzymes were evaluated using a GOT·GPT CII kit. Nonrepeated ANOVA followed by an SNK test; data represent mean±SD (n=3).\
**Abbreviations:** ALT, alanine transaminase (GPT); AST, aspartate transaminase (GOT); LNP, lipid nanoparticle; NS, not significant; siRNA, short interfering RNA.](ijn-13-8395Fig7){#f7-ijn-13-8395}

![Schematic illustration of the current strategy and findings.\
**Note:** Manipulating the *pKa* value of the LNP's membrane for optimizing the targeting of LSECs.\
**Abbreviations:** LNP, lipid nanoparticle; LSECs, liver sinusoidal endothelial cells; *pKa*, acid dissociation constant.](ijn-13-8395Fig8){#f8-ijn-13-8395}
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